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ABSTRACT 

Read D Lawless T A Sims R J and Butter K R , 1993 Uranium migration through intact 
sandstone cores In J I Kim dnd G de Marsily (Editors) Chemistry and Migration of  
Actinides dnd Fission Products J Contam Hvdrol 13 277-289 

Uranium is olten considered to be J mobile radioelement in the natural environment owing 
to its tendenc\ to form stable complexes with a number o f  aqueous m o n s  pdrticularlv in 
oxidising milieu 4 series o f  infiltration experiments were devised to investigdte this migrdtion 
behaviour under rigidlv controlled Iaboratorv conditions Intact cores of  Permo-Triassic 
Clashach Sdndstone were pre-equilibrated with synthetic groundwater solutions and 
continuous flo\b-through of  uranium monitored together with pH and concentrations of other 
ions 

Prior to performing each experiment a simulation was carried out using a one-dimensional 
coupled chemical transport code encompdssing a thermodynamic description of  the electrical 
double laver These calculations together with electron microscopy indicated the potentidl role 
plaved bv iron ox\ hvdroxide grain Loatings in retarding the uranium plume Thus a second 
series o f  expenments was initiated on pre-dcidified cores from which all surface exposed iron 
hdd been remo\ed dllowing an assessment ot the retention capdcity of  non-ferric components 

Taken together the data clearlv illustrate the strong affinity o f  aqueous uranium species for 
natural burfaces even under stronpiv oxidising conditions The success of the model in 

predicting a priori the dominant trends in uranium migration beha\ lour IS encourdging and 
mdy aid in prioritising analytical requirements for investigations in more complex geochernicd 
situations than those studied here 

1 INTRODUCTION 

Procedures for assessing the long-term safety of proposed radioactive waste 
disposal facilities rely heavily on computer-based models which are used to 
predict the brhaviour of contaminants within the repository, groundwater 
transport away from the repository and the effectiveness of host geologic 
media in ensuring adequate containment (Thompson 1987) Although 
validation of such models in a predictive sense is rarely, if ever, feasible, 
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numerous attempts have been made to compare the results of simulation, 
retrospectively, with analytical data The latter encompass static and dynamic 
laboratory experiments (Bidoglio et a1 , 1987). in situ field migration tests 
(Williams et a l ,  1991) and the study of natural analogues (Come and 
Chapman 1991) Successful calibration is frequently cited as evidence of 
the model s accuracy eien where key items of information are missing or the 
dominant processes operating are poorly understood 

In order to assess the confidence which can be ascribed to extant chemical 
transport models a series of simplistic column experiments have been devised 
to allou a priori prediction of trace-element migration through intact and very 
well-characterised sandstone cores Column studies are regarded as an 
essential adjunct to observations made in the field They possess the 
advantages of small scale and as opposed to batch tests representative 
solid/solution ratios Additionally, when performed on intact samples there 
should be no alteration of microporosity and hence dispersi\iity and no 
creation of fresh surfaces which alter the inherent adsorption characteristics 

Uranium is often considered to be a mobile radioelement in the natural 
environment owing to its tendency to form stable complexes with aqueous 
anions particularl! in oiidising milieu However feM attempts have been 
made lo quantifi this migration behaviour under controlled laboratory 
conditions and at the low concentrations t~picdlly found in groundwaters 
(Come and Chapman 1991) Thus the aims of the present Morh may be 
summdrised as follo\~s 

(1 ) to pro! ide direct e\ idence of uranium mobilisation/retardation through 
roch sdmples rele~ant IO Haste disposdl in the U K 

(2)  to derive priman datd for use in safety assessment calculations 
(3) to test the dccuraci of results predicted in advance by an equilibrium 

chemical transport code and associated thermodynamic data 
The studies described are on-going and form part of a coordinated 

programme of research into the migration of naturally occurring radio- 
nuclides through geolo_gical media (Thompson 1987) The results are also 
being adopted by participants in the Commission of European Communities 

testing 
(CEC) project CHEM\AL/MIRAGE (Read 1991) for the purposes Of model 

2 EXPERIMENTAL 

2 I Marerials 

The core material employed was Permo-Triassic Clashach Sandstone from 
the Elgin district of northeast Scotland This rock is used extensively 
throughout the U K oil industry in the evaluation of production and 
enhanced oil recovery The Clashdch is a very well-sorted, supermature quartz 
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Fig I Photomicrograph of Cldshdch Sdndstone ( x 10) 

arenite comprising rounded quartz grains ( > 95%) bonded by silica 
overgrowths (Fig 1) Microcline and lithoclasts of quartzite or chert make up 
the balance of the minerdlogy, together with infrequent grains of zircon, rutile 
and tourmdline Fibrous illite has also been recorded but IS scarce (Bennett 
et a1 19936) Iron oxide rims are observed to coat the quartz grains in some 
samples imparting an orange-brown hue The qudrtz-dominated mineralogy 
is reflected in the whole-rock analyses (Table 1) 

Column experiments were performed on samples taken from 1 -m-long, 
39-mm-diameter cores Each of these wds sectioned to give two 30-cm cores 

TABLE I 

Elemental composition of Clashach Sandstone core 

Element (%I 

Si 41 
K 0 63 
AI < o  01 
As 0 01 
Ba < o  01 
Ca < o  01 
Cr < o  01 

Element ( O b )  Element (YO) 

co <O 01 
cu  0 07 
Fe 0 0' 
MZ <001 
Mn < o  01 
Mo < o  01 
NI C O  0' 

P <001 
Sr 0 05 
S 0 02 
TI <001 
V < o  01 
Zn < o  01 
Zr <o 01 
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T A B L E  2 

Properties of the sandstone cores 

Column 1 2 3 

Length (cm) 30 30 30 
Diameter (cm) 4 9  4 9  4 9  
Flood duration (da\ s) 25 20 25 

Interstitial velocit\ (cm day-')  300 300 300 

Anion exchange capacit) (meq/100 p) t o  01 < o  01 < o  01 
Inlet U (IO-' mol dm-') 10 10 10 
Outlet U (IO-" mol dm-') <O 2 < o  02 <O 2 
Inlet Cd mol dm-') - - 0 9  

Bnne permeabilit) (mD) 3 30 400 480 
Pore volume (cm') 82 4 103 8 96 

Surface area (m' g-'1 1 2  0 9  0 8  
Cation exchange capacii\ (meq/l00 g) 0 06 0 1  0 09 

- - Outlet Cd mol dm-') 0 9  

for uranium floods three 7 5-cm cores for porosity determinations and a 
number of slices for wet analysis and thin-section studies The hydrologic and 
ion-exchange characteristics of the intact sample are given in Table 2 

A synthetic sodium chloride solution similar to that encountered at outcrop 
was used in the experiments doped with uranyl dinitrate and for dispersion 
studies 36C1 Inlet and outlet solutions were ultrafiltered using Amicon 
Diaflo" membranes ( - 2 nm) to monitor the removal of any uranium-bedring 
particulates 

2 2 PI occd111 e 

The experimental set-up is described in detail elsewhere (Bennett et dl 
1992a) Brieflj, the first core wds vacuum filled with NaCl and flushed con- 
tinuously until the inlet and outlet concentrations had stabilised "C1 tracer 
was then injected to generate a dispersion profile for the core The uranium 
flood was performed at a rate of 35cm h- '  and an equivalent U concentra- 
tion of I O  mol dm-' Analjsis of the inlet and effluent solutions was carried 
out, using isotope dilution mass spectrometry (IDMS) for uranium and 
inductively coupled plasma optical spectrometry (ICPOS) for the other 
elements determined (As, Ba. Ca Co, Cu Fe, K, Mg, Mn Mo, Na, P, Si, Sr, 
Ti, V, Zn Zr) After 25 days the flood was stopped and twenty 3-mrn slices 
taken from the inlet end of the core Uranium and the other elements were 
analysed following extraction with nitric and hydrochloric acids Experimen- 
tal parameters are summari$ed in Tdble 2 

The second flood R as performed on an dcidified core The column was first 
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filled with 0 3 mol dm-3 NaCI, for determination o f  initial permeability and 
then flooded with 0 1 M HCl in NaCl until the pH, as determined on-line, 
approached pH 1 Effluent fractions were monitored during acidification for 
released cations The acid injection was stopped and flooding with NaCl 
continued until the effluent pH recovered to the inlet value The second 
uranium flood was carried out at 43cm3 h-'  and terminated after 20 days 

Finally, a third flood was performed on a section o f  an additional core to 
assess the effect of competing cations on uranium transport Cadmium 
chloride (IO-* mol dm-3) was chosen for contemporaneous injection with 

mol dm-' uranium nitrate Again, porositv, permeability, surface area 
and CEC measurements were performed on the core 

3 THEORETICAL CONSIDERATIONS 

A central objective o f  this study is an appraisal o f  the predictive capability 
of extant equilibrium models when applied to the transport o f  actinides at 
redlistic environmental concentrations A level o f  lo-' mol dm-3 U (2 ppb) 
is typical for terrestrial groundwaters (Hooker 1991) but much lower than 
thdt commonly employed in batch sorption evperiments (e g , Berry et a1 , 
1991) Under strongly oxidising conditions as observed in the Cldshach 
columns i t  is also a level well below the limiting concentration imposed by any 
potential solubility controlling phase Predictions of solubility using the 
PHREEQE code (Parkhurst et a l ,  1980) and thermodynamic data from 
published sources (Wolery 1988. Read 1991 Grenthe et a1 , 1992) give 
estimates around lo-' mol dm-' at equilibnum with schoepite 
(UO,(OH)? H1O). comparable to those reported by Sandino (1991) Other 
common uranium solids, including uraninite (UOz) and rutherfordine 
(UO, C 0 3 )  are calculated to be strongly undersaturated These results 
together with the absence of uranium-bearing particulates (Bennett et a1 
1992a) indicate transport in "true aqueous solution Subject to retardation by 
surface adsorption This is the basis for the numericdl simulations descnbed 
below 

The speciation of uranium in near-neutral Haters has been studied exten- 
sively in recent years and the dominant controls on dqueous complexation 
established (e g , Sandino, 1991) Using the CHEMVAL thermodynamic 
ddtdbdse (Chandratillake et a1 , 1992), urdnyl(V1) hydroxy complexes dre 
predicted to dominate around pH 6 with monomeric species favoured at the 
low solution concentration considered in this work Under more strongly acid 
conditions the uncomplexed uranyl ion becomes increasingly important 
(Table 3) Carbonate complexation becomes significant at pH 2 7 

Chemical transport modelling was carried out using the CHEMTARD code 
(Bennett et dl , 1992b) and a triple-layer representation of the sorbing oxide 



for the case of the unacidified core and silica following acidification, respec- 
ti \  ely 

The surface complexation model contained in CHEMTARD has been 
described in earlier work (Hooker, 1991) Briefly. the model considers a 
neutral surface (SOH) which can dissociate to give a negatively charged site 

SOH e SO- +H,* (1) 
uhere the subscript s denotes an ion located at the surface plane or, 
conversely, react with a proton at the surface to form a positively charged site 

SOH +H, * s SOH2 + (2) 
The activity of H' in the surface plane is related to the activit~ in the bulk 

sol uti on by 

(H - )  = (H')exp(-qb,/AT) (3) 

\\$ere $, is the change of potential when a species moves from the bulh 
solution to the solid phase, e is the electronic charge, k is the Boltzmann 
constant and T the temperature in kelvins 

Mass action terms are written for binding of cations or anions with the 
surface but in this case the bound ions are assumed to be located in the 
&plane (Davis et a1 , 1978) For cations 

(4) 

In a manner analogous to deprotonation reactions, activity at the D-plane 

(5) 

where t,bo is the change in potentia1 in moving from the bulk soluuon to the 
O-plane The model is discussed in detail elsewhere (Davis et a1 , 1978) 

A database comprising the constants necessary to implement the Triple- 
Laver Model (TLM) has been compiled as part of the U K DOE radiological 
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[MI, - 1 = [M * I exp ( - e$,& n 
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TABLE 4 

inrnnsic equilibrium constants (Djafer et a1 1989) for sorption onto a-FeOOH and Si02* 
- ~ ~~ - 

Reaction log K 

FeOH + Na+ e FeO-Na + H+ 
S O H  + Ndc e SiO-Na + H' 
SOH + H' + CI- =SOH2-CI ' 
SOH + Cd2+ SO-Cd' + H+ 
SOH * L01" eSO-UO-+  + H' 
SOH t UO?OH+ e SO-UO20H + H' 

-8 4 
-7 1 

7 0  
-3 0 
- I  8 
-2 7 

~~ ~ ~ 

*Where the range of quoted data does not allow a distinction to be made between sorbing 
surfaces 3 composite (SOH) value was used Surface deprotonation constants emploved in the 
modelling studv were 4 5 (pK,) and I:! 0 (pK-) for the unacidified core 1 5 and 8 5 for the acid 
washed core respectivelv Interlayer capacitances were 100 dnd 20i1F cm-' Auxilrdrv thermo- 
dvndmic data taken from Chandratillake et al (1992) 

I 

dssessment programme (Economides et a1 1990) More than 150 specific 
adsorption constants are included with emphasis on the major groundwater 
components uranium and thorium Sorption equilibrid considered in this 
work are summarised in Tdble 4 l 

4 RESLLTS AND INTERPRETATION 

4 1 Properties of the sandstone column 

The Clashdch is an equigranular, homogeneous sandstone and this 1s 
reflected in tbe constmcy o f  porosity measurements and the dispersion 
profiles for I6C1 tracer (Fig 2 Peciet number z 100) Porosity measurements 
are -20% dnd permeability for the unacidified cores, 0 3 D Porosity 
tncreJsed slightly to 22% upon acidification but this was not matched by 
changes in surfdce area or dispersivity (Fig 2) 

Cdtion- and dnion-exchange capdcities were found to be <O 1 meq/100 g 
(Table 2) in agreement with the low clay content Nevertheless more than 50 
pore volumes of 0 1 mol dmd3 HCl were required to achieve pH 1 in the 
effluent demonstrating the strong buffering capacity of even clean, almost 
monomineralic sandstone For this reason, uranium migration experiments 
were carried out at the 'natural" pore-water pH of the Cldshach Sandstone, 
p H r 5  6 

, 

4 2 L'ranrum niigratron 

4 2 I First colutnn Simulation of uranium transport was carried out a priori 
using the CHEMTARD code (Bennett et a1 , 1992b) and adsorption data for the 
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1 1  , I 

Fig 2 Dispersion profiles (36C1) for Clashach Sandstone 

principal uranium aqueous species listed In Table 4 Fgr the first flood. 
ddsorption was assumed to be dominated by the presence of iron oxide 
coatings surrounding the quartz grains with a surface area o f  I m’ g-’ 
equivalent to 8 I O ’  m’ dm-’  in the pore fluid Measurements of cation- 
exchange capacity were used as a guide to the concentration of surface sites 
available for uranium uptahe, estimated to be in the region of 0 01-0 1 eq 
dm-‘ 

Previous column studies on neptunium migration indicated chromato- 
graphic breakthrough of contaminant species owing to the non-attainment of 
equilibrium on the timescale o f  the experiments (Bidoglio et a1 1987) Two 
sets of simulations were performed therefore in order to take account o f  slow 
kinetic effects, representing complete local equilibrium and effectively no 
equilibrium between transported species, respective11 In the case of uranium 
the alternative approaches produce similar results although attenuation is 
greater for the local equilibrium simulation For  calculations at pH 2 5 5, no 
breakthrough is predicted after 25 days. with most o f  the uranium introduced 
to the column retained close to the source (Fig 3) The model results are 
obviously affected by estimates of both surface area and site density Addi- 
tionally, the extent of uranium transport is very sensitive to the charge on the 
amphoteric surface The latter is governed, In  turn, by the shape of the 
deprotonation curve and the ambient pH Intrinsic deprotonation constants 
obtained by various workers are listed in Table 5 

The above findings are borne out by the experimental data, though the 
model tends to overestimate the extent of uranium transport As predicted, no 
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k ~ g  : Uranium sorbed on sectionea zf-5 before and after acidification 

diw.xnible uranium reached the J i:!et Analysis of sections taken at intervals 
d u n g  the core show that the macr.r\ of the uranium was adsorbed within a 
IN rnillimetres of the inlet (Fiz 5 i and -6.5% o f  the injected uranium was 
contained in the first five 3-mn sI-;eS (Bennett et a1 , 1992a) A more precise 
m a s  bdlance is difficult gives -re low concentrations observed and the 
ibabtqe involved in preparing s.x-ions for analysis Of the other elements 
determined only Ba, Mg, Si a x  Z ~ I  are above the limit o f  detection in the 
stfluent solution where they occ,: 31 concentrations comparable to those at 
the inlet 

' 

4 2 2 Sucond column The assuzz:.on that surficial iron was responsible for 
rttmidtion appears reasonable rhe basis of the known affinity of ses- 
qumides for uranium in naturz Azrzrs (Hooker, 1991) However, iron oxide 
IS not ubiquitous in the Clashacr, E Z J  11 was decided to verify this assumption, 
therelore, by repeating the expexzxrIr on an acidified core from which surface 
Iran hdd been removed 

Ifomtoring the effluent afe-  s d i f i c a t i o n  showed a rapid leaching o f  
W\erd trace elements (Benne:: 5: a1 1992a) followed by a decrease to 

r w  E L  

' 

' 4  
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I background inlet values after - 20 pore volumes Interestingly the iron 
profile had a longer tail than the other trace elements studied suggesting the 
presence of minor c n  stalline phases, resistant to acid leaching This has been 
confirmed by dissolution of the sectioned core 

Predictions of uranium transport were carried out as before, tahing silica 
to be the sorbing phase in the acidified sandstone Again no breakthrough was 
predicted on a 20-da\ timescale owing to strong uptake of U(V1) cations on 
the negatively charged surface (Table 5) Indeed, the lower zero point of 
charge (ZPC) for silica leads to model results in which migration is less than 
in the first flood 

Analysis of  uranium extracted from sections of the core corroborates the 
simulations (Fig 3) Though the mass balance is poorer than for the unacidi- 
fied core i t  is clear that little uranium extends beyond 20mm of the source 
Measurements of iron show a rapid drop from a concentration much iower 
than in the first flood to below the detection limit, implying that almost all 
accessible iron had been removed by acidification (Bennett et a1 , 1992a) 1 

In actuality, both silica and iron oxyhydroxides are likely to effect uranium 
retention within the Clashach Sandstone Further experimental work is I 

required to determine their relative contribution and the composite intnnsiL 
adsorption properties of the prepared cores 

4 2 3 Thin colun~n The conditions under which trace concentrations of 
uranium could move through the sandstone are nou being investigated As 
noted in Section 4 1 (p 283), the Clashach is very well buffered such that 
experiments carried out at artificially high or low pH would not produce 
results which are representative of the undisturbed system Given this, the 
dominant factors likelv to promote uranium mobilisation are 

( I )  significant concentrations of ions which compete for adsorption sites, 
(2) the presence of aqueous complexants which inhibit surface abstraction 
The latter was studied by Berry et a1 (1991), for example, who noted 

reduced sorption of uranium onto Caithness sandstones (Scotland, U K ) 
following treatment with gluconate or cellulose degradation products Similar 
investigations on the Clashach Sandstone form the subject of on-going 
research Preliminary results of research into the effect of competing ions are 
described briefly below 

Cadmium was chosen as the competing cation in view of the fact that its 
adsorption onto geological materials has been studied extensively 
(Economides et a1 , 1990) and data for interaction with oxide surfaces are 
available (Djafer et a1 , 1989) These studies show that relatively little uptabe 
occurs at pH < 5 but abstraction increases sharply under neutral to alkali 
conditions The predicted effect of cadmium on uraniuh sorption at pH 6 1s 
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S 4 -3 2 

10 [Cdl mol dm ' 
Fig 4 Predicted banation In uranium K,, as a function of competing cadmium concentration 

shown in Fig 4 for vanous cadmium concentrations and intrinsic adsorption 
constants quoted in the literature (Djafer et a1 1989) 

The model results indicate that a cadmium level of 10 ' mol dm ' would 
substantially reduce uranium uptake onto silica Therefore, a further senes of 
simulations was performed to investigate the effect of this competition on 
dynamic transport through the sandstone columns Fig 5 plots concentration 
vs distance profiles in the presence and absence of cadmium, from which it 
can be seen that the uranium plume is predicted to move more than twice as 
fdr in the former case owing to competition Cadmium. itself, is comparativelv 
mobile, appeanng in the effluent after 1 day (Bennett et a1 , 1992a) 

Experimental results are inconclusive for the U-Cd-sandstone system 
owing to resolution problems with low uranium levels in the small core As 
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FY 5 Uranium sorbed on sectioned core following simultaneous injection of cadmium 



with the two columns descnbed previousl> ncJ urwm'n  breakthrough 
occurred and most of the uranium was retainec c m e  It0 the inlet It IS no1 
apparent at this stage, whether or not cadmium promqtes migration of thr 
uranium plume downstream * I  5 CONCLUSlONS 

Immobilisation of uranium under reducing crmC :loris IS n ell estdblished 
Although by no means complete, this stud) ai,o aer+)nstrates the strong 
affinity of natural surfaces for aqueous uranlur  spfcies under strong]\ 
oxidising conditions No breakthrough occurred v 1th  the columns studied 
e\ en where the already pure quartz sandstone u d: kcid' ashed By implied- 
tion migration of uranium at comparable levels tnrough more heterogeneous 
clastic material is likely to be severely impeded 

The ability of a chemical transport model to prtciift d! pnon  trace uranium 

quantitative data being available to characterise cot cm ,c h\ drology, sorption 
area site density and the variation of surface chdrge wit  pH  For the simple 
system investigated here, the model proved relati\ef: e 4 c tne  Although 11 IS 

unrealistic to expect the same level of characten~dtlon Tor field systems the 
application of thermodynamic models and datd i i  rei- to be far preferable 10 
the use of purely empirical "retardation factors Tne fqrmer may be used to 
predict trends in migration behaviour, if not the mqzi t l jde thereby allon ing 
priorities to be defined for analytical work lr trie ptesent context thew 
include studving the migration of uranium at hipne- ronlcentration levels and 
in the presence of potentially mobilising organic J i L c d k  

, 
5 

l 

t 
, transport through the Clashach Sandstone Hd- C T ; ~ I C  I]\ dependent upon ' 

i 
' 
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